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Sand production is an undesired phenomenon occurring in unconsolidated formations due to shear
failure and hydrodynamic forces. There have been many approaches developed to predict sand pro-
duction and prevent it by changing drilling or production strategies. However, assumptions involved in
these approaches have limited their applications to very speciﬁc scenarios. In this paper, an elliptical
model based on the borehole shape is presented to predict the volume of sand produced during the
drilling and depletion stages of oil and gas reservoirs. A shape factor parameter is introduced to estimate
the changes in the geometry of the borehole as a result of shear failure. A carbonate reservoir from the
south of Iran with a solid production history is used to show the application of the developed meth-
odology. Deriving mathematical equations for determination of the shape factor based on different
failure criteria indicate that the effect of the intermediate principal stress should be taken into account to
achieve an accurate result. However, it should be noticed that the methodology presented can only be
used when geomechanical parameters are accurately estimated prior to the production stage when using
wells and ﬁeld data.
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Up to 70% of oil and gas reservoirs worldwide are located in
poorly consolidated formations (Nouri et al., 2003, 2007). In these
reservoirs, when the pressure is depleted to a point where the
maximum tangential stress exceeds the formation’s strength, the
formation fails and sand production is triggered. The sand pro-
duction phenomenon is generally taking place through three
stages: (1) loss of mechanical integrity of rocks surrounding the
borehole, (2) separation of solid particles due to the hydrodynamic
force, and (3) transportation of the particles to the surface by
production. This phenomenon is particularly important when sig-
niﬁcant changes of in-situ stresses, high production rates, and
collapses of cavities are observed (Wang and Dusseault, 1991;
Kooijman et al., 1996; Abass et al., 2002). Solid production in
non-granular rocks such as carbonates shares the same concept andþ60 85443837.
holami).
f Rock and Soil Mechanics,
ics, Chinese Academy of Sciences
censes/by-nc-nd/4.0/).is triggered when excessively broken rocks due to natural fractures
are transported by production ﬂuids (Papamichos and Furui, 2013).
Excessive sanding or solid production may damage the down-
hole and surface equipment, induce wellbore instability, and cause
difﬁculties during completion and production phases. Sand pro-
duction has, therefore, remained as an ongoing challenge in the
reservoir management and ﬁeld operations. A better understand-
ing of the sanding mechanism should allow for prediction of the
initiation of sanding more realistically. This is, however, a complex
mechanism as sanding is impacted by various parameters,
including geological, geomechanical and ﬂuid characteristics of the
formations as well as the initial state of stresses, pressure condi-
tions, wellbore completions and boundary conditions (Papamichos
and Malmanger, 1999; Vaziri et al., 2000; Palmer et al., 2000; van
den Hoek et al., 2000). Considering the impact of these parame-
ters in a simple model is not practical and assumptions are required
to derive models for prediction of sanding. One of these assump-
tions is the one where shear failure is considered as the most likely
mechanism in unconsolidated formations, causing sand/solid pro-
duction to take place in the presence of the ﬂuid ﬂow (Wang and
Papamichos, 2012).. Production and hosting by Elsevier B.V. This is an open access article under the
Fig. 1. Changes in the shape of the borehole as a result of shear failure.
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formed using geomechanical models where analytical approaches
were proposed to predict either the initiation of sanding or the
extent of rock failure around the borehole. For example, Bratli and
Risnes (1981) and Risnes et al. (1982) developed analytical solu-
tions for rock failure around the boreholes which was only suitable
for a steady state ﬂow condition. Bratli and Risnes (1981) intro-
duced a cohesive failure model and calculated a critical bottomhole
pressure for sanding in a uniformly stressed cylindrical borehole.
Their model, however, could not be used for the prediction of
sanding due to shear failure, which is more common than cohesive
failure in unconsolidated formations. Morita et al. (1989) proposed
the so-called equivalent plastic strain (EPS) criterion and stated that
sanding occurs once a critical plastic strain is achieved. Their
approach could not be validated completely later when it was used
for a gas ﬁled (Wang and Dusseault, 1991). McLellan and Wang
(1994) developed an analytical approach to evaluate the failure of
boreholes by assuming an exclusive elasticebrittleeplastic strain-
softening behavior for the formations. Weingarten and Perkins
(1995) developed a model to predict the sanding exclusively for
the perforationsmade in loose formations based on the assumption
of elastic-perfectly plastic materials, where the effect of the steady-
state and compressible ﬂuid ﬂow was taken into account. Bradford
et al. (1998) proposed analytical models for predicting the failure
around the boreholes under an isotropic in-situ stress condition
which could not be used for a tectonically active region with three
independent principal stresses. Ewy et al. (2001) proposed a Lade
model to enhance the accuracy of predictions previously provided
by the MohreCoulomb criterion and/or DruckerePrager criterion.
Their model, however, did not ﬁnd a wide application due to the
limitation and complexity of the Lade equation. Vaziri et al. (2002)
used different sand production criteria for predictions in a high
temperature and high pressure well and indicated a high level of
conservation in the predictions provided. Nouri et al. (2006)
developed a new set of criteria for prediction of sanding using
the conservative MohreCoulomb failure criterion through experi-
mental and numerical analyses. Osisanya (2010) developed an
approach based on the production, well logs and laboratory data to
determine the initiation of sanding, but did not indicate the
importance of predicting the volume of sand if it is initiated. Wang
and Papamichos (2012) compared the shear, cohesive and effective
plastic strain sanding criteria by doing calibration with the results
obtained from a perforated test in sandstone. They suggested the
plastic strain approach as the best method for the prediction of
sanding, although the accuracy of results was questionable.
Lamorde et al. (2014) developed an approach to determine the
volume of sand produced based on the yield zone and fracture
energy dissipation around the wellbore. However, their approach
requires very complicated calculations and experimental studies to
determine the energy dissipation.
The aim of this paper is to present a newmethodology based on
changes in the geometry of boreholes for predicting the volume of
sand produced during drilling and depletion phases. The applica-
tion of this approach will be initially at the reservoir assessment
stage, where the risk of sand production must be quantiﬁed to
develop a management strategy or to satisfy regulatory authorities.
2. Sand prediction models
Predicting the onset of sanding is a long standing geomechanical
issue which has been the subject of many studies such as those
presented earlier in the Introduction section. According to these
studies, approaches developed to predict sand production can be
divided into three main categories of empirical correlations,
analytical models and numerical analysis.Through the use of empirical correlations, the relationships
between the onset of sanding and effective parameters, causing the
sanding to take place, are established (Veeken et al., 1991). These
correlations are, however, developed based on particular ﬁeld data
and their results may not be generalized to any other ﬁelds.
Analytical models are used to predict the sanding when critical
conditions for the initiation of sanding are determined by the
analysis of the stress state near the wellbore or perforations (Cerasi
et al., 2005; Detournay et al., 2006). Simplifying the geometry of the
problem and rock’s mechanical properties, analytical equations are
used to estimate the onset of sanding. These models are easy to be
used and widely acceptable for the sand production evaluation
(Addis et al., 2008). Although analytical models suffer from limi-
tations due to simpliﬁed assumptions, they are still commonly used
in complex well geometries and subsurface environments.
Numericalmodels are perhaps the best approach for the analysis
of a combination of effective parameters contributing to the onset of
sanding. Finite element (Watson and Jones, 2009) and ﬁnite differ-
ence (Detournay et al., 2006; Nouri et al., 2007) numerical models
have been used to assess the variation of the stress state when the
ﬂuid ﬂow is presented. They can be used for the quantitative eval-
uation of the sand volume, but require a large data acquisition.
In this section, a newanalytical solution for determination of the
volume of sand produced during drilling and production is pre-
sented based on the changes in the shape of the borehole. The
approach can be used in conjunction with different failure criteria
to estimate the sanding onset in the presence of formation
strengths and principal stresses.
2.1. A new elliptical model for prediction of sanding
Boreholes are expected to have a circular shape, but in practice,
due to stress concentrations around the borehole, the borehole
tends to change its geometry to reach a new state of stability.
Generally speaking, the optimal shape (i.e. circular shape) of the
borehole changes during the life of awell andmay become elliptical
due to shear failure. This concept is depicted in Fig. 1.
One of the approaches conventionally used for determination of
the maximum and minimum tangential stresses in the elliptical
R. Gholami et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 521e532 523borehole is developed by Lekhnitskii (1968) and formulated as
follows:
sA ¼ ð1þ 2cÞsH  sh 

2
c
 1

Pw (1)
sB ¼

1þ 2
c

sh  sH  ð2c 1ÞPw (2)
where sA and sB are the tangential stresses at points A and B around
the wellbore, respectively, as shown in Fig. 1; sH and sh are the
maximum andminimum horizontal stresses, respectively; Pw is the
wellbore pressure and the parameter c is a function of borehole
diameters (i.e. a and b in Fig. 1) which is deﬁned asc ¼


sH  sh þ Pw  1þsin f1sin f Pw  2S0 cos f1sin f

þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sH  sh þ Pw  1þsin f1sin f Pw  2S0 cos f1sin f
2
þ 16sHPw
s
4sH
(8)c ¼ b=a (3)
Borehole collapse is induced when the mud weight used for
drilling is not able to apply enough pressure to resist against the
extreme formation pressure. This kind of failure is often leaving an
elliptical borehole shape behind. In the next section, amethodology
based on the elliptical borehole shape is proposed using three well-
known failure criteria to estimate the volume of sand.
2.1.1. MohreCoulomb criterion
MohreCoulomb shear failure criterion is one of the most
commonly used and well-known criteria in many engineering ap-
plications. This criterion is expressed asc ¼


sH  sh þ Pw  2S0 cos f1sin f

þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sH  sh þ Pw  2S0 cos f1sin f
2
þ 16sHPw
s
4sH
(10)s ¼ S0 þ msn (4)
where sn and s are, respectively, the normal and shear stresses; S0 is
the cohesion and m is the coefﬁcient of internal friction.
The linearized form of the criterion is written in the principal
stress space:
s1 ¼ sc þ qs3 (5)
where
q ¼

m2 þ 1
1
2 þ m
2
¼ tan2

p
4
þ f
2

(6)where s1 is the major principal stress at failure, s3 is the minor
principal stress at failure, sc is the uniaxial compressive strength
(UCS) and f is the internal friction angle.
Shear failure during drilling occurs once the maximum induced
tangential stress at point A, as shown in Fig. 1 (i.e. sA), is higher than
the radial stress (sr ¼ Pw). Thus, in the worst case scenario, the
tangential stress is the maximum and the radial stress is the min-
imum principal stresses around the borehole. As a result, Eq. (1) can
be substituted into Eq. (5) to give
ð1þ 2cÞsH  sh 

2
c
 1

Pw ¼ sc þ qPw (7)
Eq. (7) can then be rearranged to determine the parameter c asAt the initial stage ofproduction, theporepressure at theborehole
wall becomes equal to the wellbore pressure and, as a result, the
effective radial stress becomes zero (sr ¼ PwPp ¼ 0, where Pp is the
pore pressure). Considering the tangential stress (sA) as the
maximum principal stress and the radial stress (sr) as the minimum
principal stress for shear failure, Eq. (5) can be rewritten as
ð1þ 2cÞsH  sh 

2
c
 1

Pw ¼ sc (9)
As a result, the parameter c for the production stage can be
obtained as a function of the in-situ stress, wellbore pressure,
friction angle and cohesion by rearranging Eq. (9) asIt should be noticed that Eq. (10) can only be used for the pre-
diction of sanding when updated effective stresses are recalculated
based on the changes in the magnitude of the pore pressure due to
depletion. Two equations were, therefore, presented at the end of
this section to estimate the changes in the magnitude of effective
stresses as depletion progresses. Having the parameter c deter-
mined during drilling (i.e. Eq. (8)) and production (i.e. Eq. (10)), the
volume of sand produced can be calculated using the equation
formulated below:
V ¼ p
4
ab p
4
b2 ¼ p
4
1 c
c
b2 (11)
where V is the rate of sand production per unit length of the
wellbore (m3/m).
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HoekeBrown failure criterion was originally developed in the
early 1980s and undergone numerous revisions (Hoek and Brown,
1980, 1997; Hoek et al., 1995, 2002). It uses two dimensionless
parameters, m and s, which depend mainly on the rock type and
degree of heterogeneity, for estimation of the ultimate strength of
rocks. According to this criterion, the relationship between the
maximum and minimum stresses is expressed as
s1 ¼ s3 þ sc

m
s3
sc
þ 1
1
2
(12)Fig. 2. Geological stratigraphy of the
c ¼


sH  sh þ Pw  sc  sc

m s3sc þ 1
1
2

þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sH  sh þ Pw  sc
s
4sHAssuming the same situation as before for a drilling practice,
where the tangential stress (sA) is the maximum principal stress
and the radial stress (sr ¼ Pw) is the minimum principal stress, Eq.
(1) can be substituted into Eq. (12) to give
ð1þ 2cÞsH  sh 

2
c
 1

Pw ¼ Pw þ sc

m
Pw
sc
þ 1
1
2
(13)
Eq. (13) can then be rearranged to derive the parameter c
asﬁeld (from Homke et al., 2009).
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 sc

m s3sc þ 1
1
2
2
þ 16sHPw
(14)
Well_AScale : 1 : 3500
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Fig. 3. Log data of Well A used for the purpose of this study.
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pressure is equal to the wellbore pressure (sr ¼ 0) and the
tangential stress (sA) is obtained using Eq. (1), Eq. (12) changes to
ð1þ 2cÞsH  sh 

2
c
 1

Pw ¼ sc (15)
This is a same equation as Eq. (7), but the UCS in the Hoeke
Brown criterion cannot be simply related to the cohesion and
friction angle of the rock. The parameters, m and s, in the Hoeke
Brown criterion, however, can be linked to the cohesion and friction
angle parameters of the MohreCoulomb criterion using the
approach presented by Lee and Bobet (2014). Using Eq. (15), the
parameter c for the production stage can be obtained through the
following formulation:
c ¼ ð
sH  sh þ Pw  scÞ þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðsH  sh þ Pw  scÞ2 þ 16sHPw
q
4sH
(16)
Having the parameter c calculated from Eqs. (14) and (16), the
volume of sand produced during drilling and depletion stages can
be obtained from Eq. (11).2.1.3. MogieCoulomb criterion
Mogi (1971) proposed a failure criterion formulated below:
soct ¼ f
	
sm;2


(17)where sm,2 and soct are, respectively, the effective mean stress and
octahedral shear stress, while f is a power-law function. Parameters
included in the Mogi’s criterion cannot be simply related to the
Coulomb strength parameters, c and f (Colmenares and Zoback,
2002). Thus, Al-Ajmi and Zimmerman (2005) recommended that
the parameter f can be a linear function following the form of:
soct ¼ xþ ysm;2 (18)
where
x ¼ 2
ﬃﬃﬃ
2
p
3
S0 cos f (19)
y ¼ 2
ﬃﬃﬃ
2
p
3
S0 sin f (20)
To determine the parameter c during drilling using the Mogie
Coulomb criterion, the worst case scenario for shear failure is again
applied. This means that the tangential (sA), axial (sz) and radial (sr)
stresses are, respectively, the maximum, intermediate and mini-
mumprincipal stresses around the borehole. The axial stress, in this
situation, is estimated as
sz ¼ sV þ 2mðsH  shÞ (21)
where sV is the vertical stress.
The parameter c can then be estimated as
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N2 þ 16PwsH
p
8sH
(22)
whereN ¼


y2
2 sz  2Pw  2sz

 ab

þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
y2
2 sz  2Pw  2sz

 ab
2


8
9 2y2

F
s
8
9 2y2
 sH þ sh  Pw (23)F ¼

2
9
 y
2
4

sz þ 29 Pw  2szPw  x
2 þ xyPw (24)
At the initial stage of production, however, the radial stress
was assumed to be zero (sr ¼ 0) and the parameter c was formu-
lated as
c ¼ M þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M2  16sHPw
p
8sH
(25)Well_Scale : 1 : 3000
DE P TH (2975.M DB : Carbonate Reserv oir (2)
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0. 150.
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Fig. 4. Estimated static Young’s modulus, Poisson’s ratio,where
M ¼
2sz þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2sz  4

2
9 y
2
4

2
9sz  x2
s
8
9 2y2
 sH þ sh  Pw (26)With the parameter c deﬁned for drilling (Eq. (22)) and deple-
tion (Eq. (25)), the volume of produced sand can be estimated using
Eq. (11). As it was indicated earlier, the equations developed for
estimation of the parameter c give the changes in the borehole
shape at the initial stage of production. During production, how-
ever, the magnitude of horizontal stresses changes as the pore
pressure decreases. Aadnoy (1991) derived a model to consider the
changes in the magnitude of horizontal stresses as a function of the
pore pressure. Aadnoy and Kaarstad (2010) used that model to see
the effect of the pore pressure on sand production. The model is
formulated byA
- 3400.04M) 12/8/2015 22:28
.5
Cohesion
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Friction Angle
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Fig. 5. Estimated UCS, pore pressure and in-situ principal effective stresses in Well A.
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1 2n
1 n

Po  P*o

(27)
s*H ¼ sH 
1 2n
1 n

Po  P*o

(28)
where s*h is the updated minimum horizontal stress, s
*
H is the
updated maximum horizontal stress, Po is the initial pore pressure,
P*o is the pore pressure of the reservoir at any stage of depletion, and
n is the Poisson’s ratio.
Substituting the values of in-situ stresses calculated from Eqs.
(27) and (28) into Eqs. (10), (16) and (25), the volume of sand/solid
production can be estimated at any stages of depletion. It should
be noted that to develop the equations presented in this section, it
was assumed that the sand production takes place ﬁrst during
drilling until a stable elliptical hole is obtained. This is followed by
further changes in the shape of the hole, as depletion initiates and
the pore pressure decreases. However, the sanding phenomenon
during depletion is a slow process, and the borehole collapse may
not take place instantly. Besides, the occurrence of sanding duringdrilling may not happen again from the same interval during
depletion.3. Case study
In this section, awell with the potential of solid/sand production
located in the south of Iran is taken into account to evaluate the
application of the proposed methodology. This well, referred to as
Well A, is a vertical and onshore well but its name cannot be
released due to conﬁdential reasons.
The ﬁeld of this study is located at offshore of Khuzestan, close
to the boundary of Iran and Iraq, which is characterized by a very
gentle NeS to NEeSW trending anticline in the South-East, and a
NWeSE trending fold in the North-East (Abdollahie Fard et al.,
2006). Its structure belongs to the stable shelf of the Arabian
Platform and there are limited geological outcrops from subsurface
structures which can be evaluated on the surface (Berberian, 1995).
This ﬁeld is one of the richest petroleum systems in theMiddle East,
having Gurpi, Khazdumi and Gadvan source rocks and Lurestan,
Asmari, Khuzestan, Fahliyan, and Khami/Bangestan reservoirs. Field
data obtained from this structure have revealed unconformities
Well_AScale : 1 : 3500
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Fig. 6. Shear failure, shape factor and the volume of sand predicted by the MohreCoulomb criterion.
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reservoir in the ﬁeld has been formed in argillaceous limestone
with shaly intercalations. Fig. 2 shows the geological stratigraphy of
the ﬁeld. Fig. 3 shows the logs used for the purpose of this study,
including the gamma ray, compressional and shear sonic logs,
density and porosity logs as well as resistivity logs. As can be seen
in Fig. 3, the reservoir is located in limestone formations within the
intervals of 3012e3050 m and 3100e3150 m.
4. Estimation of input parameters
In this section, the input parameters required to apply the
proposed methodology are estimated using the well and ﬁeld data.
These parameters consist of the elastic parameters and strength of
rocks as well as the pore pressure and in-situ stresses. The details of
the principles and correlations used in this paper for estimates of
the above parameters have already been reported in the literature
(e.g. Maleki et al., 2014; Gholami et al., 2015a, b), and the output
results corresponding to Well A were only presented.
Characterizations of the geomechanical parameters were star-
ted by estimates of elastic parameters (i.e. Young’s modulus andPoisson’s ratio) using dynamic elastic formulations presented by
Fjaer et al. (2008). The dynamic to static conversion of the Young’s
modulus was then done using the correlation proposed by Wang
(2000a). It should be noticed that the dynamic and static Pois-
son’s ratios were equal due to the high Young’s modulus and in-situ
stress in the ﬁeld (Wang, 2000b). Fig. 4 shows the static Young’s
modulus and Poisson’s ratio estimated and calibrated against the
core samples.
There are few correlations which can be used to estimate the
friction angle, but the one proposed by Plumb (1994) was used for
the purpose of this study due to its proven ability in providing
reliable results (Gholami et al., 2015c). The fourth track of Fig. 4
shows the friction angle estimated from the above analysis. The
UCS of rocks, however, was estimated using the correlation pro-
posed by Bradford et al. (1998) through the use of the static Young’s
modulus. The estimated UCS log was then calibrated against the
laboratory core test data. The second track of Fig. 5 displays the
estimated UCS log where a good match between the estimated log
and laboratory data is observed.
The pore pressure was estimated using Eaton’s equation (Eaton,
1975) based on the inherent relationship of the pore pressure with
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brated against modular dynamic formation tester (MDT) data. The
estimated pore pressure proﬁle is shown in the third track of Fig. 5.
The vertical stress (sV) was estimated by integrating the bulk
density, acceleration, and depth (Fjaer et al., 2008). The magni-
tude of horizontal stresses was determined using the poroelastic
equations (Gholami et al., 2015a, b). The leak-off test (LOT) data
were used to calibrate the magnitude of the minimum horizontal
stress while failures (break-out) observed in the caliper logs were
employed to ﬁx the magnitude of the maximum horizontal stress.
The last track of Fig. 5 gives the magnitude of the effective
vertical (SV, sV), minimum horizontal (Shmin, shmin) and
maximum horizontal (SHmax, sHmax) stresses. As shown in this
ﬁgure, the stress regime in the ﬁeld is reversed (i.e.
sV < shmin < sHmax).
5. Sand volume calculations
5.1. During drilling
An excessive sand/solid production has been reported in the
ﬁeld of current study during the drilling and production stageswhile the source of sanding in these two phases was quite different.
According to the ﬁeld and drilling reports, sand was produced from
shale and tight formations during drilling while fractured lime-
stone reservoirs were the origin of sanding during depletion.
Having the details of the sand production in different stages of the
well development, the methodology presented earlier was applied
to assess its applicability in predicting the sanding during the
drilling operation. The results obtained from this analysis are
shown in Figs. 6e8 for different criteria.
Comparing the predictions provided with the breakouts
observed in the caliper log, it is found that almost all of the failure
criteria are able to provide reasonable results, even though the
prediction made by the MogieCoulomb criterion is closer to the
reality. However, the objective of current study is to evaluate the
efﬁciency of these criteria in prediction of the shape factor and
changes in the diameter of the borehole. As is indicated earlier, the
volume changes, as a result of the enlargement of the borehole, are
related to the volume of sand that will be produced during drilling.
Thus, the shape factor parameter c corresponding to different
criteria is estimated from Eqs. (8), (14) and (22) and plotted along
with the volume of produced sand estimated from Eq. (11), in the
last two tracks of Figs. 6e8.
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depending on the ability of the criteria in providing a reasonable
prediction of shear failure induced on the boreholewall. As it can be
seen, the volume of sand has been estimated for the intervals
where size of the borehole is larger than its initial value. Having a
close look into the estimations provided, it can be concluded that
the volume of sand/solid estimated by theMogieCoulomb criterion
is closer to the reality as it shows a better correlation with the
wellbore ovalisation observed in the caliper log. This might be
related to the fact that the effect of the intermediate principal stress
was taken into account in the criterion. However, the estimation
made by the Hoek-Brown is not very far from the reality and can
still be justiﬁed by considering the fact that it has a two-
dimensional nonlinear equation. The prediction provided by the
MohreCoulomb criterion, however, seems to be unrealistic, espe-
cially in the interval where a huge breakout is observed in the
caliper log.
From Fig. 8, the total volume of the sand produced based on the
MogieCoulomb criterion is approximately 6.87 m3 which is by far
the closest prediction to what has been reported in the drilling
reports.5.2. During depletion
As it is indicated earlier, the reservoir in this ﬁeld is producing
from the limestone formations within the intervals of 3012e
3050 m and 3100e3150 m. There is no report of solid production
from the reservoir intervals during drilling due to the consolidated
nature of the formations and a high reservoir pore pressures.
However, depletion causes the reservoir pressure to drop from
40MPa to 25MPa after 1 year of production. This signiﬁcant change
in the variation of the pore pressure has remarkably increased the
effective horizontal in-situ stresses and caused the solid production
to start. In fact, the UCS and the cohesion of the reservoir intervals
are on average 80 MPa and 20 MPa, respectively (see Figs. 5 and 6).
These values do not appear to be very low but not high enough to
resist against the excessive in-situ stresses induced, due to a large
reduction in the pore pressure.
To calculate the volume of produced solid across the reservoir
intervals, it is necessary to calculate the changes in the magnitude
of effective horizontal stresses due to depletion. Considering the
geomechanical parameters estimated earlier (Figs. 4 and 5), the
average magnitudes of the Poisson’s ratio and effective minimum
R. Gholami et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 521e532 531and maximum horizontal stresses in the reservoir intervals were
considered to be 0.3, 60MPa, and 78MPa, respectively. Substituting
the above-mentioned values into Eqs. (27) and (28), the magni-
tudes of effectiveminimum andmaximumhorizontal stresseswere
obtained to be 68.5 MPa and 86.5 MPa, respectively.
The parameter c was then calculated based on the Mogie
Coulomb criterion (Eq. (25)) due to its better efﬁciency in predic-
tion of sanding during drilling. The results obtained indicated a
1.5 cm enlargement in the size of the wellbore resulting in a total
amount of 1.1 m3 produced sands. The calculations indicated that a
volume of 0.3 m3 was produced from the interval of 3012e3050 m
with the remaining of 0.8 m3 being produced from the interval of
3100e3150m. In the above calculations, the parameter b, the radius
of the intact borehole (see Fig. 1), is assumed as 0.216 m, as shown
in the third tracks of Figs. 6e8.
The production reports from this ﬁeld has estimated an average
of 0.9 m3 solid being produced from the reservoir intervals after
one year, which resulted in using gravel pack to stop sanding.
6. Conclusions
In this study, a new approach based on the changes in the
diameter of the borehole was presented to estimate the volume of
sand produced during drilling and production. A shape factor
parameter was introduced to capture the change in the geometry of
the borehole taken place due to the excessive hoop stress. Three
failure criteria were used to develop equations for determination of
the shape factor and the models were applied to a well located in
the south of Iran. The results obtained indicated that taking the
effect of the intermediate stress into account by employing a three-
dimensional failure criterion can provide reliable results when it
comes to the prediction of shear failure and volume of sand. The
close agreement between the values predicted by the presented
approach and those given in the drilling and production reports
indicates the applicability of the model. However, the approach
presented requires determination of the geomechanical parame-
ters before initiation of depletion due to the variation of the pore
pressure. This means that it would be hard to apply this method-
ology directly into production stage to predict sanding.
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